Abstract HIV-1 viral protein R (Vpr) can induce cell cycle arrest and cell death, and may be beneficial in cancer therapy to suppress malignantly proliferative cell types, such as adult T-cell leukemia (ATL) cells. In this study, we examined the feasibility of employing the HIV-vpr gene, via targeted gene transfer, as a potential new therapy to kill ATL cells. We infected C8166 cells with a recombinant adenovirus carrying both vpr and GFP genes (rAd-vpr), as well as the vector control virus (rAd-vector). G 2 /M phase cell cycle arrest was observed in the rAd-vpr infected cells. Typical characteristics of apoptosis were detected in rAd-vpr infected cells, including sub-diploid peak exhibition in DNA content assay, the Hoechst 33342 accumulation, apoptotic body formation, mitochondrial membrane potential and plasma membrane integrity loss. The proteomic assay revealed apoptosis related protein changes, exhibiting the regulation of caspase-3 activity indicator proteins (vimentin and Rho GDP-dissociation inhibitor 2), mitochondrial protein (prohibitin) and other regulatory proteins. In addition, the up-regulation of anti-inflammatory redox protein, thioredoxin, was identified in the rAd-vpr infected group. Further supporting these findings, the increase of caspase 3&7 activity in the rAd-vpr infected group was observed. In conclusion, endogenous Vpr is able to kill HTLV-1 transformed C8166 cells, and may avoid the risks of inducing severe inflammatory responses through apoptosis-inducing and anti-inflammatory activities.
Introduction
Adult T-cell leukemia (ATL) is a progressively debilitating disease, considered to be etiologically related to human T-cell leukemia virus-1 (HTLV-1) [1] [2] [3] . Although there are a number of ATL therapies available, such as chemotherapy, bone marrow transplantation, nucleoside analogs, interferon and monoclonal antibodies, their lack of effectiveness is still a major concern [2] . Patients treated with bone marrow transplantation frequently develop graft-versus-host disease (GVHD), and the survival rate has been reported less than 50% [4] . New therapeutic approaches are being developed with great effort, including gene therapy. Specifically, the strategy of targeted-transfer of suicidal genes into ATL cells has shown significant promise [2, 5] .
As the only accessory protein incorporated in HIV-1 virions, viral protein R (Vpr) is a cytotoxicity mediator, capable of inducing cell death in multiple human nontumor cell types, including CD4? T-cells [6] , endothelial cells [7] and neurons [8] , etc. This cytotoxicity involves both intracellular and extracellular pathways [9] [10] [11] and is pathogenically associated with AIDS symptoms, such as T-cell depletion, blood brain barrier integrity loss [12] and HIV-1 associated dementia (HAD) [13] .
Vpr has been considered and tested as a tumor suppression drug to utilize both its cytotoxicity-inducing activity [14, 15] and ability to mediate cell cycle arrest [16] . It is known that HIV-1 infected CD4? T-cells can be activated upon expression of viral proinflammatory proteins, such as trans-activator of transcription (Tat) [17] and gp120 [18] , etc. However, prior to activation induced proliferation, infected T-cells can be arrested at the G 2 /M phase by Vpr [19] [20] [21] . This benefits HIV-1 remarkably by providing access to the energy, nucleus materials, transcription factors, ions and other mitogenesis related factors of the G 2 /M phase [22] .
It is known that unrestrained proliferation is the most invasive phenotype of ATL cells and is correlated with the acute ATL progression [23, 24] . We hypothesized that, independent from virus infection, endogenous Vpr functionality will be preserved to induce cell cycle arrest and apoptosis of the HTLV-1 transformed cells. In this study, we successfully introduced the HIV-1 vpr gene into C8166 cells, an ATL cell line harboring defective HTLV-1, by employing an adenoviral vector delivery system. We demonstrate functionally endogenous Vpr expression, which was shown to induce cell cycle arrest, as well as apoptosis-associated cellular and proteomic alteration in C8166 cells. Our findings implicate significant potential for applying the HIV-1 vpr gene to future drug design and ATL gene therapy.
Materials and methods

Cells
The C8166 cell line, a kind gift from Dr. Yongtang Zheng, Kunming Institute of Zoology, Chinese Academy of Sciences, was maintained in suspension at 37°C with 5% CO 2 in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 lg/ml streptomycin and 100 U/ml penicillin (Invitrogen, Beijing, China). The cell concentration was maintained at 1-1.5 9 10 6 cells/ml. The HEK293 cell line was acquired from the China Center of Type Culture Collection and cultured in 25-or 75-cm 2 tissue culture flasks to reach 50-70% confluence before transfection.
Recombinant adenoviruses of rAd-vpr and rAd-vector Adenoviral vectors expressing HIV-1 Vpr and green fluorescent protein (GFP) were constructed using the AdEasy Adenoviral Vector System (Stratagene, La Jolla, CA, USA) as described [25] . Briefly, the plasmid carrying vpr cDNA (GI: 28872817) was cloned into the shuttle vector pAdTrack-CMV which contained a GFP reporter gene. Then, the pAdTrack-CMV-vpr was linearized by digesting with restriction endonuclease PmeI, and transformed into E. coli BJ5183 cells containing adenoviral backbone plasmid pAdEasy-1 by electroporation. This generated recombinant plasmids, which were digested by PacI and transfected into HEK293 cells with Lipofectamine 2000 reagent (Invitrogen) to package the rAd-vpr recombinant adenovirus. The rAd-vector recombinant adenovirus, which is a vector control of rAd-vpr, was obtained by the same method, except no vpr cloning was performed in the first step.
Infection
The viral stock concentrations of rAd-vector and rAd-vpr were adjusted to 1 9 10 9 plaque-forming units (pfu)/ml with fresh RPMI medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 lg/ml streptomycin and 100 U/ml penicillin (Invitrogen). Then, C8166 cells were infected with rAd-vector or rAd-vpr at 5 pfu/cell for 4 h. Cells were then washed twice with PBS (300g, 10 min) to remove residual virus. The uninfected negative control (mock-infected group) was performed by mock-infecting cells with fresh RPMI. The infection rates of the three groups were determined by the GFP expression assay with a FACSCalibur flowcytometer (Becton Dickinson, Beijing, China) and analyzed by FCS-Express version 3.0 (De Novo Software, Los Angeles, CA, USA). To acquire the visualization confirmation, GFP expression was also observed by Nikon inverse phase contrast microscope (Nikon, Shanghai, China).
Western blotting
Cells were lysed by RIPA buffer (Sigma-Aldrich, St. Louis, MO, USA) containing a 19 protease inhibitor cocktail (Biovision, Mountain View, CA, USA). Cell lysates containing equal amounts of protein were fractionated by 12% SDS-PAGE gels and transferred onto PVDF membranes (Millipore, Bedford, USA). Membranes were blocked by 5% non-fat milk in PBS, and incubated overnight at 4°C with goat anti-Vpr polyclonal Ab (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Horseradish peroxidase (HRP)-conjugated donkey anti-goat IgG Ab (1:10000; Jackson Immunoresearch, West Grove, PA, USA) was used to bind the primary Ab. HRP activity was visualized by an enhanced chemiluminescence detection procedure (Pierce, Rockford, IL, USA).
DNA content determination
Cells were harvested and permeabilized by cold 70% ethanol (-20°C) containing 10% FBS for 30 min. After two cold PBS washes, cells were labeled by propidium iodide (PI; Sigma-Aldrich) staining solution (50 lg/ml PI and 1% Triton-100 in PBS) for 15 min at room temperature. Cells were subsequently analyzed by flow cytometry where intensities at the FL2-A channel, reflecting DNA content, were used to analyze cell cycle phases and differentiate dead cells at a sub-diploid peak. Cell cycle and cell death populations were analyzed by the ModFit LT version 3.1 (Verity Software House, Topsham, ME, USA).
Mitochondrial membrane potential
Cells were stained with mitochondrial membrane potential sensitive probe, JC-1 (5, 5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazolylcarbocyanine iodide) (Invitrogen), at a final concentration of 2 lM in PBS for 15 min at 37°C. After two PBS washes (300g, 5 min), labeled cells were observed by LSM 510 META laser scan confocal microscope (Carl Zeiss, Guangzhou, Guangdong, China) and analyzed by a FACSCalibur flow cytometer (BD). The aggregate red form of JC-1 has absorption/emission maxima of 585/590 nm, while the green monomeric form has 510/527 nm. Images acquired from confocal microscopy were measured and calculated for mean fluorescence intensities (MFI) using ImageJ software version 1.41 (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, MD, USA, http://rsb.info.nih.gov/ij/, 1997-2008). For flow cytometry, JC-1 aggregate was measured at the FL-2 channel, and green fluorescent (both JC-1 monomer and/or GFP) at the FL-1 channel. FACS data were analyzed by FCS-Express version 3.0 (De Novo).
Apoptosis and plasma membrane integrity assay Apoptosis was analyzed by Hoechst 33342 (Ho)/PI confocal microscopy and flow cytometry. Cells were labeled with Ho (Sigma-Aldrich) at a final concentration of 10 lg/ml in PBS for 10 min at 37°C. After being washed once with PBS (300g, 5 min), cells were then stained for 5 min in PI solution (Sigma-Aldrich; 1 lg/ml in PBS) at room temperature to indicate plasma membrane integrity. This method differs from the DNA content assay in that the cells were not fixed, and Triton-100 is absent from the PI solution. Cells were observed by LSM 510 META laser scan confocal microscope (Carl Zeiss) and the MFI of Ho was measured by ImageJ 1.41 software (Rasband, W.S.).
Labeled cells were also analyzed with a FACSAria flow cytometer by exciting Ho at 405 nm and PI at 488 nm lasers. FACS data were analyzed by FCS-Express version 3.0 (De Novo).
Two-dimensional electrophoresis
Cells were lysed in IPG Rehydration Buffer (Bio-Rad, Beijing, China) for 30 min and the supernatant was clarified by ultracentrifugation. Protein concentration was determined with the 2D Quant Kit (GE Healthcare, Piscataway, NJ, USA). In the first dimension (IEF), 1 mg protein in 350 ll IPG Rehydration Buffer (Bio-Rad) was loaded on 17-cm IPG Strips (pH 4-7, Bio-Rad) using passive rehydration at 20°C, and then isoelectrically focused in Protean IEF cell (Bio-Rad) for a total of 6 9 10 4 Volt-hour. Gel strips were reduced with equilibration buffer I (375 mM Tris-HCl pH 8.8, 6 M urea, 2% SDS, 20% glycerol and 2% DTT) for 15 min, and alkylated with equilibration buffer II (375 mM Tris-HCl pH 8.8, 6 M urea, 2% SDS, 20% glycerol and 4% iodoacetamide) for another 15 min. Gel strips were transferred onto 10% SDS polyacrylamide gels to perform a second dimensional separation with a current setting of 15 mA per gel for the initial 1 h, and 25 mA/gel thereafter. Gels were then stained by Colloidal Coomassie and scanned with a GS-800 calibrated densitometer (Bio-Rad). Gel images were analyzed by PDQuest software version 7.4.0 (Bio-Rad).
In-gel digestion
Protein spots of interest were dissected into gel plugs, which were washed with ultra-pure water and destained by 50% acetonitrile (ACN) and 25 mM NH 4 HCO 3 . After being dehydrated with ACN and dried by cold trapped vacuum centrifugation, gel plugs were rehydrated with 10 ll trypsin (Promega, Beijing, China) solution (20 ng/ll trypsin dissolved in 10% ACN/25 mM NH 4 HCO 3 ) and incubated at 37°C overnight. Peptides were then extracted with 0.1% trifluroacetic acid (TFA) and 60% ACN [26, 27] .
Mass spectrometry
The tryptic digested samples were first loaded onto a liquid chromatography (LC) C18 pre-column (Agilent, Santa Clara, CA, USA) and washed for 5 min with loading solvent (3% ACN/97% H 2 O/0.1% formic acid/0.01% TFA). The samples were then injected onto a 15 cm Vydac 218 ms column (Grace, Deerfield, IL, USA) at a flow rate of 180 nl/min. A linear gradient was performed from Solution A (5% ACN/0.1% formic acid) to Solution B (60% ACN/0.1% formic acid) over a period of 30 min, and then ramped to 90% Solution B in 0.1 min and re-equilibrated for 15 min. The LC eluent was sprayed at 2,000 V directly into a Q-STAR XL mass spectrometer (MS; Applied Biosystems, Foster City, CA, USA). MS/MS data were recorded and subjected to Mascot analysis (Matrix Science, London, UK; http://www.matrixsciences.com) allowing database searching for protein identification [27, 28] .
Bioinformatics
Bioinformatics analyses of the proteomic data were assisted by Swiss-Prot Protein Knowledgebase (http://www. expasy.ch/sprot/) [26, 27] . The protein functionality was referred to the Swiss-Prot/TrEMBL searching entry based on the access number acquired by mass spectrometry. Molecular weight (Mw) and isoelectric point (pI) were calculated with the Compute pI/Mw tool. The physical protein gel positions, detected by 2DE and mass spectrometry, were compared with and validated by the gel images of similar studies from other groups via searching SWISS-2DPAGE two-dimensional polyacrylamide gel electrophoresis database (http://www.expasy.org/ch2d/).
Reverse transcription PCR
RNA was extracted from cells by using the TRIzol reagent (Invitrogen). Reverse Transcription PCR (RT PCR) was performed using the OneStep RT-PCR Kit (QIAGEN, Shanghai, China) according to the manufacturer's protocol. Briefly, the reaction mixture (25 ll final volume) was made by combining 5 ll RT-PCR buffer (59), 10 mM of dNTPs, 10 lM of Primers, 1 ll Enzyme Mix, 1 lg RNA and DEPC water. The PCR program for each amplification cycle was 50°C/30 min, 95°C/15 min, 94°C/45 s, 58°C/45 s and 72°C/45 s. Thirty cycles were performed for each PCR assay, followed by a final extension at 72°C for 10 min and holding at 4°C. Primers used were: glyceraldehyde-3-phosphate dehydrogenase (GAPDH), sense 5 0 -GTCTTCACCAC CATGGAGAAGGCTG-3 0 and anti-sense primer 5 0 -TGAG GTCCACCACCCTGTTGCTGTA-3 0 ; 14-3-3, sense 5 0 -AT GGCTGCCAAAGTGTTTGAGTCC-3 0 and anti-sense primer 5 0 -TCACTGGGGCAGCTGGAGGA-3 0 ; Glutathione S-transferase P1(GSTP1), sense 5 0 -ATGCCGCCCTACAC CGTGGTCTAT-3 0 and anti-sense primer 5 0 -TCACTGTT TCCCGTTGCCATTGA-3 0 . The amplified products were separated electrophoretically in 1% agarose gels, stained with ethidium bromide and visualized by UV light. Optical density (OD) of each DNA band was quantified by ImageJ 1.41 software (Rasband, W.S.) and normalized to OD GAPDH .
Caspase 3&7 activity assay
The red fluorescent-labeled inhibitors of caspases (FLICA) kit (Immunochemistry Technologies, LLC, Bloomington, MN, USA) was employed to evaluate intracellular activity of caspases 3&7. FLICA is specific for active caspases-it will not react with pro-caspases nor inactive forms of the enzyme (manufacturer's manual). The labeling method was previously described [27] . Briefly, 1 9 10 6 cells from each group were washed twice with PBS (300g, 5 min) and labeled with 19 FLICA working solution in a final volume of 300 ll for 1 h at 37°C. After two washes with 19 washing solution, cells were observed by laser confocal microscopy for active caspase 3&7 (red) and GFP expression (green).
Statistics
To determine the statistical differences between groups, one-way ANOVA analysis was applied and Bonferroni post hoc test was employed. Values were given as mean ± SE of the mean (SEM). Statistical analysis was done with GraphPad Prism version 5.0 (GraphPad, San Diego, CA, USA). Statistical significance was accepted at P \ 0.05.
Results
Functional Vpr expressed in C8166 cells
Recombinant adenoviral vector delivery is one of the most efficient and widely used approaches to introduce exogenous genes into target cells [29, 30] . By employing the AdEasy-1 technique, we successfully constructed the recombinant adenoviruses of rAd-vpr, which expresses Vpr and GFP independently, as well as the vector control, rAd-vector, which expresses GFP only. Based on the GFP reporter protein expression, we observed high infectious capacities of both rAd-vpr and rAd-vector in the leukemia cell line, C8166 cells (Fig. 1a) . At 24 h post-infection, GFP positive cells in both rAd-vpr and rAd-vector groups represented[80% of all cell populations, with fluorescence intensity normalization to the mock-infected group (Fig. 1a) .
GFP positivity in both viral infection groups was confirmed by fluorescence observation, compared with nonfluorescent visualization of the mock infection group (Fig. 1b) . Immunoblotting validation was subsequently performed and the specific Vpr protein band was detected by western blotting only in the rAd-vpr group (Fig. 1b) , ruling out the possibility of selective GFP expression.
To confirm and characterize the functionality of endogenous Vpr expressed by adenoviral vector delivery in leukemia cells, we examined cell cycle and cell death of C8166 cells at 48 and 72 h post-infection (Fig. 1c) . Cells in the rAd-vpr group showed G 2 /M phase (16.9%) cell cycle arrest at 72 h post-infection, 4.3-fold higher than those in the rAd-vector group (3.9%), and 4.7-fold higher than the mock-infected group (3.6%) (Fig. 1c) . Cell death rates in the rAd-vpr group showed a longitudinal increase from 13.7% at 48 h to 24.1% at 72 h, higher at both time points than those in the rAd-vector group, which were 6.4 and 14.1%, respectively (Fig. 1c) . Cell death rates for the mock-infected group showed a modest increase from 3.6 to 8.4% (Fig. 1c) .
Mitochondrial membrane potential loss in C8166 cells
Confocal microscopy observations indicated the ratio changes of red and green fluorescence in mock-, rAd-vpr and rAd-vector infected groups (Fig. 2a ). An equal proportion of red and green fluorescence results in yellow images; however, to either increase the green or decrease the red fluorescence will output greener images. In the context of JC-1 staining, either an increase of JC-1 monomer (green) or decrease of JC-1 aggregate (red) implies the loss of mitochondrial membrane potential (MMP) [31, 32] . Figure 2a shows that the merged image of the rAd-vpr group is greener than rAd-vector and the mock-infected groups. The MFI of JC-1 aggregate in the rAd-vpr group (50.2 ± 7.0) was significantly lower than that in the rAd-vector (101.0 ± 12.1) (P \ 0.05, n = 3) and the mock-infected group (113.9 ± 13.0) (P \ 0.05, n = 3) (Fig. 2b) . Furthermore, the MFI of JC-1 monomer in the rAd-vpr group (87.3 ± 12.1) was significantly higher than that in the rAd-vector group (46.7 ± 6.3) (P \ 0.05, n = 3) (Fig. 2c) .
In the flow cytometry assay, the cells with decreased MMP were located in the lower right panel (''apoptotic region'') of each result window (Fig. 2d) . Compared with the mock-infected group, there was a more than 30% increase of low MMP cells in the CPT group (Fig. 2d) . In the rAd-vpr infected group, there was over 17% more cells with low MMP than that in the rAd-vector infected group (Fig. 2d) . These results are consistent with those from the confocal microscopy analysis (Fig. 2a, b) . 
Apoptosis and plasma membrane integrity loss in C8166 cells
Apoptotic cells accumulate Ho more rapidly than do viable non-apoptotic cells, making them more brightly fluorescent and condensed compared to normal [33] . These apoptotic morphologies (Fig. 3a, Hoechst 33342) , as well as apoptotic bodies (Fig. 3a, arrow heads) , were prevalently observed in the rAd-vpr group. PI positivity, a characteristic phenomenon in late stage apoptosis or necrosis, was also observed in non-apoptotic body forming cells (Fig. 3a) . The MFI of Ho in the rAd-vpr group (0.76 ± 0.05) was significantly higher than that in the rAdvector (0.35 ± 0.05) and the mock-infected (0.45 ± 0.04) groups (P \ 0.01, n = 3) (Fig. 3b) .
In each flow cytometry result panel of Fig. 3c , the viable cells are located in the lower left panel, apoptotic cells in the lower right panel, as well as necrotic and late stage apoptotic cells in the upper right panel. Compared with the mockinfected group, there was a more than 6% increase of apoptotic cells and a 15% increase in necrotic cells in the CPT group (Fig. 3c) . In the rAd-vpr infected group, there were over 8% more apoptotic cells than that in the rAd-vector infected group (Fig. 3c) . These results are consistent with those from the confocal microscopy analysis (Fig. 3a, b) .
Proteome alterations in C8166 cells
Representative 2DE analysis images are shown as mock (Fig. 4a) , rAd-vector (Fig. 4b ) and rAd-vpr (Fig. 4c) groups. After comparing images of all three groups, the spots, which were subsequently identified by mass spectrometry (Table 1) , are circled and numbered (Fig. 4a-c) .
A comparison of the rAd-vector and rAd-vpr groups' protein identification and fold changes are shown in Table 1 . Endogenous Vpr expression altered the C8166 cell proteome through the down-regulation of both structural (vimentin and prohibitin) and regulatory proteins (serotransferrin fragment), as well as up-regulation of regulatory proteins [14-3-3, GSTP1, galectin-1, Rho GDPdissociation inhibitor 2 (Rho GDI2), tubulin-specific chaperone A and fatty acid-binding protein], redox proteins (protein DJ-1 and thioredoxin) and nucleoside synthesis related enzyme (nucleoside diphosphate kinase A).
To validate the proteome alterations detected by 2DE analysis and mass spectrometry, 14-3-3 and GSTP1 mRNA were analyzed by RT PCR (Fig. 4d, e) . Comparing the rAdvector and rAd-vpr groups, 14-3-3 showed 2.3-fold upregulation after normalizing to the GAPDH band (OD 14-3-3 / OD GAPDH ) (Fig. 4d) , indicating a consistently changing trend of 7.0-fold upregulation at protein level detected by 2DE and mass spectrometry ( Fig. 4d; Table 1 ). Similarly, GSTP1 showed 3.6-fold up-regulation at the mRNA level, while exhibiting a 4.3-fold up-regulation at the protein level in 2DE and mass spectrometry ( Fig. 4e; Table 1 ).
Caspase activity and co-localization with GFP With the detection of apoptosis, especially caspase-3, related protein changes in the preoteomic assay, we further validated the caspase 3&7 activity regulations. We used exactly the same settings for the confocal observation of caspases 3&7 activity. The caspase 3&7 negative cells are dark, while the positive cells are red in the single-channel images ( Fig. 5; upper row) . Furthermore, the co-localization of active caspases 3&7 and cells were shown in the merged images of Fig. 5 . In the CPT treated group, cells showed brighter active caspases 3&7 staining than that in the mock-infected group (Fig. 5) . Compared with the rAdvector group, more co-localization of GFP and active caspases 3&7 were observed in the rAd-vpr group (Fig. 5 , arrow heads).
Discussion
In this study, we examined the function of the HIV-1 vpr gene and demonstrated that endogenously expressed Vprmediated apoptosis in HTLV-1 transformed C8166 cells. This implicates a promising potential in developing new therapies for leukemia, while incorporating further progressions of targeted gene delivery. In this case, the viability of this approach requires safe and efficient vectors that can recognize selective cellular markers on ATL cells, carry and deliver functional genes and support subsequent endogenous protein expression [34] . Although clinical Table 1 , which provides protein identifications generated by mass spectrometry. RT-PCR was performed on the 14-3-3 (d) and GSTP1 (e) proteins, and sample loading was controlled by GAPDH mRNA quantification, respectively studies have shown severe host inflammatory responses induced by human adenoviral vector administration [35] , progress was made to improve the safety and gene transfer specificity of the vector by modifying capsid [5] or promoter genes [36] . Equally important are the development of new and effective vector systems over the past decade, including HIV-based vectors [2] , monoclonal antibodybased vectors [37, 38] and murine leukemia virus (MLV)-based replication-competent retroviral vectors [39] . These advancements continue to facilitate the evaluation of a variety of candidate ATL cell suppression genes; specifically, herpes simplex virus-thymidine kinase (HSV-TK) [40] , tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) [36] and Il2RG gene [41] . Our data suggests that Vpr is able to induce cell cycle G 2 /M phase arrest in C8166 cells, which is significantly beneficial in containing malignant proliferation. Various mechanisms have been proposed to explain the Vpr-mediated cell cycle arrest; however, given the differences in cell types [7, 42, 43] , anatomical loci [44] and host cell species [45, 46] examined, a definitive theory is yet to be recognized. The proteomic data of this study indicates that cell cycle related protein up-regulation, especially that of 14-3-3, GSTP1 and galectin-1, may play important roles in Vpr-induced ATL cell cycle arrest. In human T-cells, 14-3-3 participates in Vpr-induced G 2 /M arrest through the binding of cell cycle related proteins, such as Cdk1, Cdc25C, and CyclinB1 [47] . In malignant cells, including breast cancer cells [48] , HeLa cells [49] and human colon cancer cells [50] , drug treatment was reported to cause 14-3-3 up-regulation. GSTP1 is a regulator of mitogenactivated protein kinases (MAPK), and is correlated with cell cycle G1 phase arrest in drug treated cancer cells [51] . Galectin-1 has been shown to suppress tumor cell growth by activating the cyclin-dependent kinase inhibitors (CKI) p21 and p27 [52] . In our previous study, we observed similar proteomic alteration of these three proteins and reported their possible roles in astrocyte-induced viral replication inhibition in HIV-1 infected microglia [27] . Taken together, these data imply that Vpr-induced alteration of the three regulatory proteins examined could be a common phenomenon in both cancer cell cycle arrest and HIV-1 infection.
We demonstrated that apoptosis is the major mechanism in Vpr-mediated C8166 cell death, evidenced by sub-diploid peak detection in DNA content assay, increased accumulation of Ho in cell nuclei and apoptotic body formation, as well as the up-regulation of caspase-3 expression and caspase 3&7 activation. Apoptosis is generally recognized as a safe and controlled pathway to clear unwanted cells, such as T-cells and neutrophils, with minimal inflammation [53] . By avoiding acute collapse of the plasma membrane, unlike necrosis, apoptotic cells Positive numbers show fold changes of up-regulation comparing the ad-vector infection group with ad-vpr infected group; negative numbers show down-regulation undergo programmed disassociation via the formation of apoptotic bodies that are subsequently cleared by macrophages [54] . This mode of operation supported the use of vpr in ATL gene therapy, thereby decreasing the risk of host inflammatory responses. We believe that mitochondrial dysfunction, as demonstrated in this study, may influence Vpr-mediated C8166 cell apoptosis. Mitochondrial membrane potential loss results in the release of cytochrome c (Cyt c), an activator of apoptosis-specific endonuclease, caspase-3 [55] . In addition, functional mitochondria are essential for stabilizing intracellular ion concentrations by maintaining plasma membrane ion channels, such as Ca 2? channels [56] . However, during the later stages of apoptosis or necrosis, devastating mitochondrial dysfunction is associated with the loss of plasma membrane integrity [57] . This same phenomenon was observed in the Vpr-mediated cell apoptosis demonstrated in this study. Furthermore, the changes in regulation of two endpoint proteins, vimentin and Rho GDI2, shown in our results further support our rationale. Vimentin is a substrate of caspase-3 [58] . As a processor protein, p26 can be cleaved by caspase-3 to form Rho GDI2 [59] . Thus, both down-regulation of vimentin and up-regulation of Rho GDI2 in the rAd-vpr infected group strongly implicates the caspase-3 pathway activation. This was confirmed by the caspases 3&7 activity and GFP co-expression assays in this study. Furthermore, Choi et al. [60] reported comparable phenomena of caspase-3 mediated Rho GDI2 processing during proteasome inhibitor-mediated HL-60 and K562 leukemia cell apoptosis.
Supportively, prohibitin, which is a mitochondrial protein [61] , was also found down-regulated in this study. These data suggest a direct correlation of mitochondrial membrane potential loss with endogenous Vpr-induced HTLV-1 transformed C8166 cell apoptosis.
These results led us to conclude the consequences of other Vpr-induced regulatory protein changes in C8166 cells: they tend to increase the apoptotic signaling. For example, serotransferrin has shown protective functions in cancer cells [62] ; its fragments were found down-regulated in this study. Galectin-1 [63] and fatty acid-binding protein [64] are apoptosis inducers in various cell types; here they were shown up-regulated. Tubulin-specific chaperone A is the first component of the b-tubulin folding pathway [65] ; the up-regulation exhibited in this study implies the blockage of tubulin-polymerization, which is a common phenomenon of apoptosis-related structural protein change [66] . We also performed a comparable study with another inducer of apoptosis, CPT, to investigate the specificity of Vpr mediated proteomic alterations (data not shown). CPT can cause similar proteomic alterations in C8166 cells to endogenously expressed Vpr. However, the two inducers may differentially impact the regulation of cell cycle associated protein, 14-3-3. These data provide a clearer depiction of the Vpr-induced apoptosis signaling network.
Indeed, other than inducing apoptosis, Vpr itself has anti-inflammatory activity through down-regulating NF-jB and the production of pro-inflammatory cytokines such as TNF-a, and IL-12 [67] . This further avoids the inflammation response risks and makes Vpr better qualified as a candidate for ATL gene therapy. Thioredoxin, which is a redox protein modulating TNF-a signaling and NF-jB activation [68] , was found in this study to be up-regulated. This implies the possible anti-inflammatory functions of endogenously expressed Vpr in ATL cells. Serum Vpr is a very important parameter in determining AIDS progression. It has been suggested that the breakdown or lysis of infected cells and virus particles is likely to release free Vpr into the sera and the CSF [10] . Thus, the risk of free Vpr release and bystander effects of killing healthy cells is a potential drawback if introducing the vpr gene into peripheral blood. However, this risk could be mitigated by several factors: (1) apoptosis related phagocytotic clearance of Vpr containing apoptotic bodies, (2) progression on the development of ATL specific vector systems, which reduces unnecessary Vpr expression and (3) Vpr inactivation via surface processing [69] or chaperone protein binding [70] .
In conclusion, the HIV-1 vpr gene shows promising characteristics and may be a well-qualified candidate for ATL gene therapy. Endogenously expressed HIV-1 Vpr can mediate apoptosis of ATL cells, as confirmed by multiple approaches of cellular biology and proteomics. The cell cycle G2/M phase arrest, mitochondria membrane potential loss, nucleic acid condensation and caspases 3&7 activation are the major phenotypes in apoptotic HTLV-1 transformed C8166 cells induced by endogenously expressed Vpr. The proteomic confirmation and endpoint discovery involves multiple structural, regulatory and redox proteins. Our findings suggest that Vpr can kill HTLV-1 transformed C8166 cells effectively via apoptosis, while avoiding inflammation responses.
